The reciprocal interaction between influenza virus and host microRNAs (miRNAs) has been implicated in the regulation of viral replication and host tropism. However, the global roles of the cellular miRNA repertoire and the mechanisms of miRNA-mediated antiviral defense await further elucidation. In this study, we systematically screened 297 cellular miRNAs from human and mouse epithelial cells and identified five inhibitory miRNAs that efficiently inhibited influenza virus replication in vitro and in vivo. Among these miRNAs, hsamir-127-3p, hsa-mir-486-5p, hsa-mir-593-5p, and mmu-mir487b-5p were found to target at least one viral gene segment of both the human seasonal influenza H3N2 and the attenuated PR8 (H1N1) virus, whereas hsa-miR-1-3p inhibited viral replication by targeting the supportive host factor ATP6V1A. Moreover, the number of miRNA binding sites in viral RNA segments was positively associated with the activity of host miRNA-induced antiviral defense. Treatment with a combination of the five miRNAs through agomir delivery pronouncedly suppressed viral replication and effectively improved protection against lethal challenge with PR8 in mice. These data suggest that the highly expressed miRNAs in respiratory epithelial cells elicit effective antiviral defenses against influenza A viruses and will be useful for designing miRNA-based therapies against viral infection.
The reciprocal interaction between influenza virus and host microRNAs (miRNAs) has been implicated in the regulation of viral replication and host tropism. However, the global roles of the cellular miRNA repertoire and the mechanisms of miRNA-mediated antiviral defense await further elucidation. In this study, we systematically screened 297 cellular miRNAs from human and mouse epithelial cells and identified five inhibitory miRNAs that efficiently inhibited influenza virus replication in vitro and in vivo. Among these miRNAs, hsamir-127-3p, hsa-mir-486-5p, hsa-mir-593-5p, and mmu-mir487b-5p were found to target at least one viral gene segment of both the human seasonal influenza H3N2 and the attenuated PR8 (H1N1) virus, whereas hsa-miR-1-3p inhibited viral replication by targeting the supportive host factor ATP6V1A. Moreover, the number of miRNA binding sites in viral RNA segments was positively associated with the activity of host miRNA-induced antiviral defense. Treatment with a combination of the five miRNAs through agomir delivery pronouncedly suppressed viral replication and effectively improved protection against lethal challenge with PR8 in mice. These data suggest that the highly expressed miRNAs in respiratory epithelial cells elicit effective antiviral defenses against influenza A viruses and will be useful for designing miRNA-based therapies against viral infection.
INTRODUCTION
Influenza A viruses (IAVs), as causative agents of an infectious febrile illness in humans, are widely spread among diverse hosts and cause recurrent epidemics and sporadic pandemics. 1, 2 IAVs primarily infect epithelial cells of the upper and lower respiratory tracts, which may lead to primary viral pneumonia in humans with rapid progression to lung failure. Aside from humans, influenza viruses have a reservoir in bats, birds, and pigs, from which reassortment among these viruses may lead to the emergence of epidemic and pandemic viruses with the capability for interspecies transmission. 3 This exerts a public health threat and an extensive economic burden on a global scale, 4 and it has led to an urgent demand to dissect the mechanism of the host-virus interplay to design effective drugs. IAVs contain a single-stranded negative RNA genome consisting of eight segments. Each of these RNA segments is bound by viral RNA-dependent PA, PB1, and PB2 proteins to form ribonucleoprotein (vRNP) complexes. These vRNPs carry out transcription of viral genes and replication of the viral RNA genome, both of which are regulated by multiple host factors. [5] [6] [7] Nevertheless, only a few host factors have been intensively investigated to determine their roles in IAV infection. 8 MicroRNAs (miRNAs) belong to a class of genome-encoded, small non-coding RNAs, typically 20-22 nt in length, that post-transcriptionally regulate gene expression, mostly by repressing target transcripts containing partially complementary binding sites. 9 It is estimated that approximately half of the human transcriptome is affected by miRNAs, leading to target mRNA degradation and translational repression. Thus, miRNAs have emerged as vital regulators of multiple biological processes, including viral infection, replication, and pathogenicity. 10 Several lines of evidence indicate differential expression of miRNA signatures post-infection with various strains of IAVs, including avian H5N3 virus-infected chickens, 11 H1N2
virus-infected pigs, 12 a mouse-adapted and highly virulent avian H5N2 virus-infected mouse, 13 and H1N1 virus-infected mouse lungs 14, 15 and A549 cells. 16 Under IAV infections, combinatorial cellular miRNAs may mediate a series of temporal and strain-specific host responses. 17 These studies suggest that miRNAs are involved in the regulation of different stages in the viral life cycle via targeting of viral RNAs or host factors. For instance, hsa-miR-323-5p, hsa-miR-491-5p, and hsa-miR-654-5p directly bind to viral PB1 RNA, exerting an inhibitory effect on IAV replication in Madin-Darby canine kidney (MDCK) cells. 18 Hsa-let-7c reduces viral replication by targeting and degrading M1 cRNA. 19 In addition, hsa-miR-485-5p targets both retinoic acid-inducible gene I (RIG-I) and viral PB1 to prevent spurious activation of antiviral signaling and suppress influenza virus infection. 20 To date, most studies have used miRNA target prediction for analyses of certain miRNAs that interact with IAV or with host mRNAs. As a consequence, the exact role of the miRNA repertoire has not been determined in IAV infection, and it is largely unclear whether the miRNA-mediated antiviral defense confers viral adaption to respiratory epithelial cells.
In this study, we systematically screened and identified candidate miRNAs from the total miRNA pools that are highly expressed in human and mouse respiratory epithelial cells to assess their regulation of IAV replication. We explored the underlying mechanisms of a set of miRNAs as host inhibitory factors to suppress viral expression and replication of human seasonal influenza virus H3N2 and A/Puerto Rico/8/1934 (PR8; H1N1). In addition, the co-relationship between number of miRNA targeting sites within viral sequences and miRNA-mediated suppression of viral replication was evaluated in response to selection pressure.
RESULTS

High-Throughput Screen for Candidate miRNAs that Inhibit IAV Replication
A plasmid carrying firefly luciferase gene with virus nonstructural gene promoter (vNS-Luc) 21 that can be activated by viral RNAdependent RNA polymerase (RdRp) was used for high-throughput screening of 297 host miRNAs expressed in either human or mouse epithelial cells (Table S1 ). These miRNAs were synthesized in mature form. HEK293T cells were chosen for high-throughput screening, because the cells are easily transfected with miRNAs and generally have relatively low abundance of the 297 selected miRNAs. HEK293T cells transfected with miRNAs and vNS-Luc were infected with two IAV subtypes, H1N1 (PR8) or H3N2 (A/Jiangxi/262/2005), and viral replication was determined by measurement of the luciferase reporter activity. The screen timeline and validation of the nonstructural (NS) luciferase reporter assay are shown in Figure S1 . Renilla luciferase activity increases linearly with increasing MOI dose or infection time. Among the 297 miRNAs, 62 and 55 miRNAs exhibited regulatory (mostly inhibitory) effects on NS reporter activity in HEK293T cells infected with PR8 and H3N2, respectively (Figure S2 ; Table S2 ). Furthermore, 25 miRNAs affected the luciferase activities (mostly inhibitory) of the NS reporter in both IAV subtype-infected cells relative to mimic controls (all p < 0.05 or 0.01) ( Figure 1A ). Among these 25 miRNAs, only hsa-miR-149-5p facilitated IAV replication; all others inhibited IAV replication. Cell viability assays were performed to rule out the possibility that the observed differences were caused by altered cell growth and cytotoxicity ( Figures S3A and S3B ).
To validate the top 25 miRNAs from high-throughput screen, human A549 lung cells were transfected with each miRNA and then infected with PR8 or H3N2. Their regulatory effect on viral replication was confirmed by measuring viral M1 mRNA ( Figure 1B ) and NP protein levels ( Figures 1C and 1D) . The five miRNAs with the most potent inhibitory activity on PR8 and H3N2 replication, hsamir-1-3p, hsa-mir-127-3p, hsa-mir-486-5p, hsa-mir-593-5p, and mmu-mir-487b-5p (all p < 0.05, 0.01, or 0.001 compared to controls for M1 mRNA and NP protein levels), were chosen for further study.
To determine the efficiency and specificity of miRNA mimic transfections, expression levels of the validated targets of miRNAs were measured by real-time PCR in transfected A549 cells. As shown in Figure S3C , all target genes were significantly inhibited by the mimic transfection.
Conversely, miRNA suppression with specific antagomirs displayed enhancive effects on viral replication by analysis of M1 mRNA ( Figure 2A ) and NP protein levels ( Figures 2B and 2C ) in infected A549 cells, the adenocarcinomic human alveolar basal epithelial cells as the target cells for infection by IAV. This validates the inhibitory role of these endogenous miRNAs for IAVs.
hsa-mir-149-5p promoted vNS-Luc reporter activity ( Figure 1A ) while repressing viral M1 transcripts ( Figure 1B) . The inconsistency may be due to both its promoting effect of vRNP activity and its direct targeting of viral M mRNAs, because there is a putative binding site in the M transcripts predicted by miRanda.
Identification of Shared miRNA Targets in the H1N1 and H3N2 Genomes
To explore the mechanisms of these five miRNAs in viral inhibition, luciferase reporters with each viral RNA segment in the 3 0 UTR-HA, NA, M, PA, PB1, PB2, NP, and NS-were used to determine whether there were direct target sites in viral genes. Treatment with hsa-mir-1-3p, hsa-mir-127-3p, hsa-mir-486-5p, hsa-mir-593-5p, or mmu-mir-487b-5p mimics reduced the reporter activities of at least one PR8 ( Figure 3A ) and H3N2 ( Figure 3B ) RNA segment, except the PA and NP RNA segments of H3N2 (all p < 0.05, 0.01, or 0.001). In addition, levels of the corresponding viral transcripts of PR8 ( Figure 3C ) and H3N2 ( Figure 3D ) were significantly decreased in miRNAs-transfected A549 cells (all p < 0.05, 0.01, or 0.001). This indicates that these miRNAs directly target viral mRNAs. Because these five miRNAs inhibit luciferase activities of most viral RNA segments of both PR8 and H3N2, we further searched for shared miRNA binding sites in the two viral genomic sequences using Miranda software (Table S3) . hsa-mir-127-3p has three shared binding sites located in the PB2, M, and NS RNA segments of both PR8 and H3N2. Mutations were made in the seed region of the hsa-mir-127-3p binding sites as controls. Treatment with hsa-mir-127-3p mimics reduced the reporter activity of the wild-type (WT), but not mutant (mut), 3 0 UTR-containing luciferase reporter ( Figures 4A  and S4A ). Similarly, hsa-mir-593-5p harbors three shared pairing regions located on PB1 and M RNAs ( Figures 4B and S4B ). The activities of two reporters constructed with two shared binding sites for hsa-mir-593-5p were decreased by treatment with hsa-mir-593-5p, while a suppressive effect for the reporter harboring a truncation from nucleotides 374-394 in the M segment was not observed. hsamir-486-5p has two shared binding sites, located on the PB2 and NS RNAs ( Figures 4C and S4C) , and mmu-mir-487b-5p only has one shared pairing region on the PB2 RNA ( Figures 4D and S4D ). All of these shared binding sites were verified by luciferase reporter assays. The limited differences between PR8 and H3N2 binding regions did not significantly alter inhibitory efficiency of luciferase reporter by miRNA mimics. In contrast, the targeting site for hsamir-1-3p was only found in the HA RNA of H3N2 ( Figure 4E ).
Aside from the shared targeting sites, a targeting site for hsa-mir-127-3p in the NA RNA was found in H3N2, but not in PR8 ( Figure S4E ). hsa-mir-486-5p, hsa-mir-593-5p, and mmu-mir487b-5p were also found to target PA, HA, NP, and NA of PR8 ( Figure S4F ).
hsa-miR-1-3p Inhibits PR8 Replication Partially via Its Target ATP6V1A
Because hsa-miR-1-3p suppresses PR8 replication but has no effect on the 3 0 UTR reporter activities of all viral RNA segments, we analyzed its predicted host targets that have been shown to affect IAV replication (Table S4) 7 using TargetScan (http://www.mirbase.
org/). Ten potential host factors (ARCN1, ATP6V1A, STK39, GAK, ATP6V1B2, MINK1, MAPK1, DCLK1, GSK3B, and TAOK1) were selected, and the reduction of ATP6V1A transcript was the most significant upon hsa-miR-1-3p treatment ( Figure 5A ). The discrepancy between ATP6V1A and ATP6V1B2 binding sites with miR-1-3p may account for the different targeting efficiency by miR-1-3p ( Figure 5B ). A putative hsa-miR-1-3p complementary region was found in the ATP6V1A mRNA 3 0 UTR ( Figure 5C ) and verified by luciferase reporter assays ( Figure 5D ). A549 cells transfected with hsa-miR-1-3p displayed a decrease in ATP6V1A protein levels ( Figure 5E ). In addition, ATP6V1A knockdown by RNAi decreased viral M mRNA and The bands of western blots were scanned by densitometry, and the amounts of NP were quantified. The relative amounts of NP in control cells were arbitrarily set as 1.0. Error bars are the mean ± SD from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to the control.
NP protein levels (Figures 5F and 5G). ATP6V1A depletion by RNAi largely abrogated the inhibitory effect of hsa-miR-1-3p on NP expression ( Figure 5H ), suggesting that hsa-miR-1-3p inhibits H1N1 replication, at least partially, through ATP6V1A. Data are presented as the mean ± SD from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to the control.
Synergistic Inhibition of PR8 Replication by the Combination of Five miRNAs
We found that hsa-mir-127-3p, hsa-mir-486-5p, hsa-mir-593-5p, and mmu-mir-487b-5p directly target viral RNA segments of H1N1 and H3N2 and that hsa-miR-1-3p targets host ATP6V1A, which positively regulates viral replication. Next, we investigated whether the combination of these five miRNAs would synergistically inhibit IAV. There was no obvious cytotoxicity for A549 cell viability under transfection with 20 nM five-mimic mixture (Figure 6A ). A549 cells were transfected with 20 nM individual miRNAs or 20 nM five-mimic mixture and then infected with PR8 or H3N2.
The results demonstrate that treatment with the miRNA combination significantly suppressed expression of all viral transcripts (Figure 6B ) and had a higher inhibitory effect on PR8 than that of any individual miRNA by analysis of M1 mRNA (all p < 0.001) ( Figure 6C ) and protein levels ( Figure 6D ). Nevertheless, no such synergistic effect was observed for H3N2 (Figure 6E ). Because the miRNA combination contained only 4 nM of each miRNA, we further compared the viral inhibitory effect of each miRNA at a 4-nM dose with that of the miRNA combination. We still found that the five miRNAs synergistically decreased viral M1 levels of PR8, but not H3N2 ( Figure 6F ). The difference may result from a higher number of virus gene segments harboring miRNA binding sites and total miRNA binding sites in the PR8 genome than in the H3N2 genome. The inhibitory effect of the five-miRNA combination on viral replication of PR8 ( Figure 6G) www.moleculartherapy.org and H3N2 ( Figure 6H ) was confirmed by plaque assays. As expected, the miRNA combination exhibited a higher suppression rate for PR8 (93.08%) than for H3N2 (39.87%). Meanwhile, infection of A549 cells with PR8 or H3N2 led to decreased levels of these inhibitory miRNAs ( Figure 6I ).
To assess whether the miRNA combination suppressed viral replication in vivo, we used cholesterylated stable miRNA mimics with two oxygen methylation modifications and sulfur-modified phosphate (i.e., agomirs) to deliver miRNAs to mouse lungs by intranasal administration. The delivery efficiency of agomirs was examined by measuring the levels of miRNA in mouse lungs 7 days post-intranasal administration of a mixture of the five agomirs. Expression levels of each miRNA in the lungs were increased by 4.5-to 31.6-fold ( Figure 7A ). plaque-forming units (PFUs) of PR8 virus. By days 6-9 post-challenge, all control mice suffered typical influenza symptoms and displayed significant body weight loss and shiver (Figure 7B) . All died at day 10 ( Figure 7C ). In contrast, mice treated with the combination of the five agomirs exhibited only moderate weight loss after H1N1 challenge and quickly restored weight from day 10 post-challenge. All agomir mixture-treated mice survived following the challenge with a lethal dose of H1N1 virus (Figure 7C ).Viral replication and titers in mouse lungs were measured on day 4 after the challenge. Remarkable decreases in viral PB1, NP, and M1 mRNA ( Figure 7D ) and protein (Figure 7E ) levels were observed in mice by agomir mixture treatment. As shown in Figure 7F , the lung viral titers of mice treated with the agomir mixture were approximately 100-fold lower than those of control mice (p < 0.001).
The lung index was used to monitor the degree of injury caused by influenza virus in mice. Mice treated with the agomir combination exhibited significantly lower lung indices than control mice ( Figure 7G ). H&E staining also showed that the alveoli, peribronchiolar, and perivascular regions were suffused with abundant inflammatory cells in the lungs of control mice, whereas inflammatory cells were barely seen in the alveoli of agomir combination-treated mice ( Figure 7H ). These results indicate that increased levels of inhibitory miRNAs in lungs can enhance resistance of mice to IAV infection. To explore the mechanism of the different sensitivities of PR8 and H3N2 to endogenous miRNA-mediated inhibition, we compared www.moleculartherapy.org the miRNA binding sites between the two IAV subtypes. As shown in Figure 8A , complementary regions of these five miRNAs were found in all eight RNA segments of PR8, whereas they were found in only six RNA segments of H3N2. We further tested whether the combination of the five miRNAs had synergistic inhibition of human virus WSN (H1N1), human pandemic (pH1N1), and avian-origin H9N2 IAVs. As shown in Figure 8B , the five miRNAs exhibited significant inhibitory activity on these IAVs. A synergistic effect was observed for WSN, but not for pH1N1 and H9N2. Only the WSN virus has binding sites for these five miRNAs in all eight RNA segments ( Figures 8A and  8C ). The inhibition rate of the IAVs by the miRNAs was positively associated with the number of virus gene segments harboring miRNA binding sites, as well as the number of total miRNA binding sites (Figure 8D) . The complementary binding sites of the five inhibitory cellular miRNAs were also found in certain gene segments of aquatic bird influenza, domestic poultry influenza, swine influenza, and human seasonal influenza viruses ( Figure 8E ; Table S5 ). These data indicate that the five endogenous cellular miRNAs from respiratory epithelial cells identified in this study mainly act as host inhibitory factors against IAV replication, which may be involved in host defense mechanisms and interspecies transmission.
DISCUSSION
Cellular miRNAs play a key role in the control of virus infection and replication. However, the global role of the cellular miRNA repertoire in influenza virus infection has not been determined, and the mechanisms of antiviral defense and viral adaption await further elucidation. In this study, we screened a miRNA pool covering highly expressed miRNAs in human and mouse respiratory epithelial cells to unbiasedly identify endogenous cellular miRNAs that regulate two subtypes of IAV: PR8 and H3N2. With this approach, five miRNAs were identified, four of which directly targeted viral RNA segments, with the other one targeting supportive host ATP6V1A. Furthermore, agomir treatment by these five miRNAs synergistically suppressed PR8 replication in vitro and in vivo. Moreover, our findings demonstrate that miRNA-mediated antiviral defense correlates with miRNA binding sites in virus gene segments. Our work may therefore provide a comprehensive evaluation of miRNA-based antiviral therapeutic interventions in the context of viral escape of miRNA inhibition during IAV infection.
IAVs mainly target different regions of the respiratory tract, causing a respiratory disease in humans. In the present study, we identified 25 miRNAs highly expressed in respiratory epithelial cells that affect IAV replication, and among them, most exert suppression activities ( Figure 1 ). In addition, a panel of the top five inhibitory miRNAs exhibited higher inhibitory activity against replication of PR8 and WSN strains that are well attenuated and adapted in mice and humans than other avian or swine IAV subtypes. Only the PR8 and WSN strains have the complementary binding sites of these five miRNAs in all eight gene segments, and miRNA-mediated inhibition of IAVs is correlated with the number of virus gene segments that have the miRNA binding sequences (Figure 7 ). This indicates the global inhibitory role of the cellular miRNA repertoire against influenza virus infection, which is involved in viral attenuation and adaption mechanisms. Dicer knockdown leads to enhancement of influenza virus replication in A549 cells that are hindered in endogenous miRNA production ( Figure S5 ). 22 In agreement with our results, other studies provide compelling evidence that the miRNA-based gene-silencing machinery can effectively control influenza virus replication. Perez et al. 23 altered several bases in the viral NP gene to perfectly match the miRNA response elements of hsa-mir-93-5p, and the engineered virus displayed a greater than two-log reduction in mice mortality compared to WT viruses. The recombinant virus miRT-H1N1 engineered to be perfectly targeted by hsa-let-7b-5p was found to exert the desired replication restrictive effect and decreased infectivity in let7b-rich-expressing tissues and organs. 24 The modified miRT-H1N1 has a low virulence in mice, with the potential for the development of influenza vaccines. 25 The engineered H5N1 viruses, whose genome was incorporated with miRNA target sites, exhibit attenuated pathogenesis in mice. 26 In addition, an attenuated virus generated by inserting a miR-93 expression cassette into the viral NS segment, PR8-amiR-93NP, confers cross-protective immunity against heterologous influenza virus strains in mice. 27 Altogether, we hypothesize that in IAV infection, highly expressed miRNAs in the respiratory tract constitute an effective antiviral defense against IAVs that harbor multiple miRNA binding elements in gene segments. In this specific selection setting, conditions may arise in which miRNA-associated viral sequence polymorphisms may occur in miRNA binding sites. Many viral and host factors determine interspecies IAV transmission. Aside from the receptor-binding specificity of the virus, host inhibitory factors are implicated in this event. 28, 29 From our data, we speculate that miRNA-mediated defense may restrain the host switch, and this hypothesis deserves further study.
Reduced expression levels of inhibitory hsa-mir-1-3p, hsa-mir-127-3p, hsa-mir-486-5p, and hsa-mir-593-5p were observed during IAV infection ( Figure 5G ), which is consistent with the results of previous studies. 15, 16, 30 Influenza virus infection possibly downregulates the transcription levels of these miRNAs by affecting related transcription RNAs harboring miRNA response elements. 32 Conceivably, to establish infection, influenza viruses likely evolve to decrease host miRNAs that restrict viral infection or accumulate escape mutations within miRNA binding sites to avoid host miRNA targeting, which is supported by our observation that different strains of viruses have different numbers of total miRNA binding sites (Figure 8 ). Viruses, including IAVs, may have evolved RNAi suppressor activity under miRNA pressure, 33 indicating the complexity of interaction between influenza viruses and their hosts.
Although influenza virus appears to be refractory to suppression by endogenous miRNAs at physiological levels, 34 we believe that exogenous delivery with excessive inhibitory miRNA mimics or agomirs may provide a novel therapeutic approach against viral infection, because our data demonstrate that miRNA treatment effectively suppressed a range of IAV subtypes ( Figure 7 ). There are several advantages to using endogenous cellular miRNAs as a therapeutic strategy against IAVs. First, our study reveals that IAV infection results in reduced expression levels of inhibitory cellular miRNAs. Increasing these miRNAs in infected cells may restore the compromised antiviral defense by host miRNAs. Second, the cellular miRNAs may target aquatic bird influenza, domestic poultry influenza, swine influenza, and human seasonal influenza viruses ( Figure 8 ; Table S5 ), validating their potential utility against various viral subtypes and interspecies transmission. Third, these endogenous natural miRNAs may have fewer side effects as potential antiviral drugs, although their offtarget effects cannot be totally avoided. Therefore, besides artificial miRNAs, small hairpin RNAs (shRNAs), or small interfering RNAs (siRNAs), [24] [25] [26] [27] 35, 36 our study provides an alternative perspective for designing miRNA-based therapies against IAVs.
Some miRNAs that were previously reported to affect influenza virus infection and replication, including hsa-miR-323-5p, hsa-miR-491-5p, hsa-miR-654-5p, 18 hsa-let-7c, 19 hsa-miR-136-5p, 37 mmu-miR-485-5p, 20 hsa-miR-146a-5p, 38 and hsa-miR-9-5p, 39 were not selected in this study using the NS luciferase reporter for measuring viral RdRp activity. These discrepancies may be due to different influenza virus subtypes or different miRNA screening methods used, indirect regulation of viral replication by affecting the immune and inflammatory responses (e.g., retinoic acid-inducible gene I [RIG-I] or cytokines) by miRNAs, or low abundance of miRNAs in respiratory epithelial cells that were not included in the miRNA pool that we screened. In addition, due to miRNA target diversity, besides directly targeting viral RNA segments, it is possible that the defined inhibitory miRNAs may affect viral replication through regulation of host gene expression. This deserves further investigation.
In conclusion, we performed a systemic screening of a miRNA pool in respiratory epithelial cells and identified >20 cellular miRNAs that inhibit IAV infection. We further investigated the functions of five highly expressed suppressive miRNAs targeting either most viral RNA segments or the supportive host factor. Moreover, we provide evidence suggesting that the cellular miRNA-mediated antiviral defense plays an important role against influenza virus infection and interspecies transmission. Given the broad function of miRNAs in the influenza virus-host interplay, our work provides insight for a better understanding of miRNA-elicited antiviral responses against IAVs and raises potential interest in the delivery of exogenous miRNAs as a therapeutic approach for antiviral therapy.
MATERIALS AND METHODS
Ethics Statement
The animal protocol used in this study was approved by the , and A/Chicken/Liaoning/1/100 (H9N2) were propagated in 9-day-old, specific-pathogen-free (SPF) chicken embryos, which were purchased from Vital River Laboratories, Beijing.
miRNA Library miRNAs that are highly expressed in human and mouse respiratory epithelial cells were carefully searched from published papers and miRNA databases (Table S6) , and 297 miRNAs (Table S1 ) were selected in this study. The miRNAs library was synthesized in mature form by RiboBio (Guangzhou, China).
Antibodies and siRNA
Mouse anti-M1 monoclonal antibody and rabbit anti-NP polyclonal antibody were generated as previously described. 40 Rabbit anti-PB1 polyclonal antibody and rabbit anti-ATP6V1A polyclonal antibody were purchased from GeneTex (USA). Mouse anti-b-actin monoclonal antibody and secondary antibodies conjugated with horseradish peroxidase were from Zhongshan Goldenbridge Biotechnology (Beijing, China).
siRNA for ATP6V1A was synthesized by RiboBio (Guangzhou, China). The ATP6V1A siRNA sequences 7 were as follows: 5 0 -GAG CUUGAAUUUGAAGGUGUAdTdT-3 0 (sense) and 5 0 -UACACCU UCAAAUUCAAGCUCdTdT-3 0 (antisense). 
Plasmid Construction
The plasmid carrying an influenza virus-like RNA encoding firefly luciferase (vNS-Luc) was used to monitor influenza virus replication. 21 The PB2, PB1, PA, HA, NP, NA, M, and NS gene segments of PR8 or H3N2 were amplified and cloned into the 3 0 UTR of the luciferase gene in the luciferase expression vector pGL3 (Promega). The miRNA pairing regions in the viral RNAs were cloned into the pGL3 vector, and mutations at the seed pairing region were induced by site-directed mutagenesis.
The QuikChange Site-Directed Mutagenesis Kit (Stratagene, United States and Canada) was used to make point mutations. The mutagenic oligonucleotide primers were designed individually according to the desired mutation. The two primers were extended during temperature cycling by high-fidelity DNA polymerase. Following temperature cycling, the PCR product was recovered, purified, and treated with Dpn I endonuclease (target sequence: 5 0 -Gm6ATC-3 0 ). The digested products were transformed into DH5a supercompetent cells. The mutation constructs were extracted and validated by sequencing.
The ATP6V1A 3 0 UTR (wide-type and mut) harboring the hsamir-1-3p binding site was amplified by PCR and cloned into pGL3 as set forth. The accuracy of all DNA constructs was validated by sequencing. The sequences of all primers used are listed in Table S7 .
Cell Transfection
Transfections of HEK293T or A549 cells were performed using Lipofectamine 2000 reagent or Lipofectamine 3000 (Invitrogen, USA), respectively. In brief, HEK293T cells were seeded in 24-well or 48-well culture plates. Forward transfections were performed with 20 nM miRNA mimics and 0.1 mg (for 24-well) or 0.05 mg (48-well) plasmids when cells were approximately 60%-70% confluent. A549 cells were plated in 6-well or 12-well culture plates and grown 60%-70% confluent for transfection with 20 nM miRNA mimics. Each treatment was performed at least three times.
Virus Infection
HEK293T or A549 cells were used for infection with IAVs (PR8, H3N2, WSN, SWINE, or H9N2). Cells were washed and incubated with virus at the indicated MOI for 1 hr with medium containing 1 mg/mL TPCK (L-1-tosylamido-2-phenylethyl chloromethyl ketone)-treated trypsin (Sigma-Aldrich, USA). After adsorption, the supernatant was removed, and the cells were washed twice before culturing in medium contain 1% FBS (Gibco) for the indicated time.
Virus Titers Assays
MDCK cells plated in 12-well plates were washed twice with PBS and then inoculated with 0.5 mL serial 10-fold dilutions of virus. After a 2-hr incubation at 37 C, inoculums were removed and washed four times with PBS. The cells were overlaid with 1% low-melting-point agarose in DMEM with 2 mg/mL TPCK-treated trypsin and cultured for 3 days. The visible plaques were then counted, and virus titers were calculated after a 72-hr incubation at 37 C. All data are expressed as the mean of triplicate samples.
MTT Assays
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to evaluate the cytotoxicity of miRNAs. The transfected cells were seeded in a 96-well culture plate. At 24 or 48 hr post-transfection, the cells were incubated with MTT (M2128; Sigma-Aldrich, St. Louis, MO, USA) solution for 4 hr, and the resulting formazan was solubilized with DMSO (D2650; SigmaAldrich, St. Louis, MO, USA). The absorbance of each well was measured at 570 nm using a spectrophotometer.
Luciferase Assays
HEK293T cells were co-transfected with a firefly luciferase reporter plasmid, pRL-TK (as an internal control), and the corresponding miRNA mimic or a randomized oligonucleotide as a control. At 48 hr post-transfection, the relative luciferase activities were measured using a dual-luciferase assay kit (Promega). Each set of assays was performed in triplicate.
Real-Time qPCR
Total RNA was extracted with Trizol reagent and quantified using SYBR Green Premix Reagent (Takara Bio, Shiga, Japan) and a TaqMan miRNA kit (Applied Biosystems) according to the manufacturer's protocols. The endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or U6 was used for normalization. The primers used are described in Table S8 . Relative expression was quantified using the comparative threshold cycle (Ct) method.
Immunoblotting Assay
Immunoblotting analysis was performed according to our previous description. 29 
Mouse Experiments
Six-to eight-week-old female BALB/c mice, weighing 16-20 g at study initiation, were purchased from Vital River Laboratories, Beijing. Mice were intraperitoneally (i.p.) anaesthetized with trichloroacetaldehyde hydrate (375 mg/kg body weight). Under anesthesia, the mice were administrated intranasally with the five-miRNA mixture or an equivalent randomized oligonucleotide as a control and then intranasally challenged with 10 4 PFUs of PR8 in 50 mL saline per mouse. Mice were observed daily for mortality and weight loss for 14 days, or they were dissected at day 4 post-infection. Left lung tissues were prepared for western blotting, real time PCR, and viral titers assays. The right lungs were fixed with 4% neutral buffered formalin (NBF) for at least 24 hr and then stained with H&E for histological analysis.
Lung Index
On day 4 post-infection, mice were sacrificed. The lung tissues were washed with 0.9% normal saline and dried with filter paper. The lung index was calculated as below.
41
Lung:Index = Lung:Weight Body:Weight Â 100%
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Histopathology
For histological analysis, the lung tissues fixed in 4% NBF were dehydrated and embedded in paraffin. Tissue sections (5 mm thick) were stained with H&E and then examined using a Zeiss Axio Imager M1 microscope equipped with an AxioCam HRc camera under control of AxioVision 4 software.
Statistical Analysis
Differences between groups were determined by two-tailed Student's t tests. A value of p < 0.05 was considered significant. Association between variables was assessed by Spearman's nonparametric correlation. 
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